PURPOSE. The retinoid cycle maintains vision by regenerating bleached visual pigment through metabolic events, the kinetics of which have been difficult to characterize in vivo. Twophoton fluorescence excitation has been used previously to track autofluorescence directly from retinoids and pyridines in the visual cycle in mouse and frog retinas, but the mechanisms of the retinoid cycle are not well understood in primates.
I
t has been known since the 19th century that light is captured by visual pigments in the outer segments (OS) of photoreceptor cells. 1, 2 Experiments performed by Wald 3 and Hubbard and Wald 4 revealed that visual pigment molecules are composed of two components, namely an opsin protein and a chromophore, 11-cis-retinal. 3, 4 Upon absorption of a photon by the pigment, the chromophore isomerizes to all-trans-retinal, which subsequently is released from the opsin through a series of intermediate steps. 5 This initiates the regeneration of photopigment through the visual (retinoid) cycle. 6 During regeneration, all-trans-retinal is reduced to all-trans-retinol, 7 which subsequently is transferred from OS to RPE cells 8 and also to Müller cells, which contribute to photopigment regeneration in cones. [9] [10] [11] [12] Measurement of the photopigment regeneration rate has been used as a marker for disease in photoreceptors and the RPE. 13 To monitor pigment regeneration directly in the living human eye, rhodopsin densitometry has been used. [14] [15] [16] However, interpretation of densitometry data is complicated by the contribution of intrinsic optical signals to observed changes in reflectance, which currently are inexplicable within the current model of pigment regeneration kinetics. [17] [18] [19] Retinoid absorption and fluorescence properties also can be exploited to track retinoid concentrations following light exposure. Ultraviolet (UV) light has been used to excite autofluorescence from all-trans-retinol to track the visual cycle in isolated cells from various animal models. [20] [21] [22] [23] However, different species metabolize retinoids at different rates, complicating direct comparisons of regeneration rates in animal versus human retina. 13 The physiology and anatomy of nonhuman primate retina, particularly old-world monkeys, 24 is similar to that in humans, making them an appropriate animal model. However, little is known about the kinetics of intermediate stages of the retinoid cycle in living primates. For in vivo imaging, optical techniques relying on single-photon fluorescence excitation of retinoids cannot be used in primates because UV light is outside the spectral barrier for transmission through the optics of the eye. 25 Two-photon fluorescence (TPF) imaging 26, 27 overcomes these spectral barriers and offers the potential for a noninvasive iovs.arvojournals.org j ISSN: 1552-5783 approach for studying visual function at a cellular scale in the living eye. Previously, we have demonstrated TPF imaging of photoreceptors and RPE in the mouse eye [28] [29] [30] [31] and an increased fluorescence over time in photoreceptors of the macaque. 32 From the point of view of translating this technique to human imaging, its use depends on identifying and characterizing the dominant source(s) of time-variable autofluorescence in primate eyes, which could emanate from one or more among a list of candidate fluorophores. Examples include retinoids, NAD(P)H, FAD, collagen, elastin, lipofuscin, and perhaps others. [33] [34] [35] Previous reports on autofluorescence from the retina 20, 21, 29, 36 have identified all-trans-retinol as the dominant source of time-variable fluorescence in mammalian photoreceptors. To investigate this hypothesis in living primates, we used a new generation two-photon ophthalmoscope to characterize the TPF responses from individual photoreceptors under different conditions of light and dark adaptation.
METHODS Animal Preparation
Three nonhuman primates, one male Macaca fascicularis monkey (20 years old) and two female Macaca mulatta monkeys (4 and 16 years old), were studied in these experiments. All subjects in this study were handled in accordance with the protocols approved by the University of Rochester's committee for animal research and in adherence with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Subjects were sedated with ketamine (<20 mg/kg) and Valium (0.25 mL/kg), and once intubated, were kept under a constant influx of isoflurane (ranging from 1%-5%). A paralytic dose of vecuronium (60 lg/kg/h) was administered for a maximum period of 6 hours to reduce involuntary eye-drifts and breathing was maintained with a ventilator. Animals were imaged by placing them in a sternal position on a stereotaxic cart with a singular gimbal focus of rotation and the eye was placed at this location for imaging. The imaged eye was held open with a lid speculum. A contact lens coated with Genteal (Alcon, Fort Worth, TX, USA) was used to correct for base refractive error and maintain corneal hydration for the duration of each experiment.
TPF Adaptive Optics Scanning Light Ophthalmoscope (TPF-AOSLO)
A custom TPF-AOSLO was designed and built to optimize the efficiency of TPF imaging in the living monkey eye. The system design was similar to previously reported instruments 37, 38 and the layout is shown in Figure 1 . A resonant scanner (ElectroOptical Products Corp., Fresh Meadows, NY, USA) operating at 13.6 kHz was used for raster scanning in the horizontal direction and a 2-axis tip/tilt mirror (S-334.2SL; Physik Instrumente, Karlsruhe, Germany) was used for scanning in the vertical direction. A deformable mirror was used for FIGURE 1. Layout of the TPF-AOSLO. Multiple light sources were used for different purposes (840 nm light for wavefront sensing, 790 nm light for reflectance imaging, 730 nm light for TPF excitation and reflectance imaging). Light emitted by the ultrashort pulsed laser was directed through a spatial filter, collected through a collimating lens, and then routed through a beam splitter and directed into the AOSLO system through a custom dichroic mirror. Within the AOSLO, light reflected off of multiple spherical mirrors, two scanners, and a deformable mirror, and passed through a dichroic mirror before finally being diverted into the eye by a fold mirror. Electronically controlled flip mirrors regulated the delivery of full-field stimuli to the eye. During two-photon imaging, the emitted fluorescence was reflected off the dichroic mirror and collected by a PMT. Two additional PMTs were used for collecting backscattered light in the confocal mode at 730 and 790 nm.
adaptive optics correction (DM97-15; ALPAO SAS, Grenoble, France). The scanners and deformable mirror were placed in planes that were conjugate to the eye's entrance pupil. All optical elements in the beam path within the TPF-AOSLO were silver coated for optimal performance in the infrared regime. The Hartmann-Shack scheme was used for wavefront sensing. A lenslet array (203-lm pitch, 7.8-mm focal length per lenslet; Adaptive Optics Associates, Cambridge, MA, USA) was placed in front of a CCD camera (Rolera XR; QImaging, Surrey, BC, Canada) and was located in a plane that was conjugate to the eye's entrance pupil plane. A laser diode (LD) emitting quasimonochromatic light at 840 nm (QPhotonics, Ann Arbor, MI, USA) was used as the wavefront sensing beacon.
Raster-scanned images of the retina were collected through multiple detection channels. 1 . Light reflected or scattered back from a superluminescent diode (SLD) operating at a central wavelength of 790 nm (Superlum, Cork, Ireland) was descanned through the system and collected through a confocal pinhole (2.5 airy-discs in diameter) by a photomultiplier tube (PMT H7422-50; Hamamatsu Corporation, Shizuoka-Ken, Japan). 2. A pulsed laser (Mai Tai XF-1; Newport Spectra-Physics, Santa Clara, CA, USA) was used as the TPF excitation source. This laser had a tunable central wavelength (710-920 nm). All data reported here were collected at k ex ¼ 730 nm. At this central wavelength, the laser emitted pulses of pulse-width <55 fs at 80 MHz repetition rate. A pair of prisms on motorized mounts was used for lower order dispersion compensation (DeepSee, Newport Spectra-Physics). The beam emitted from the laser was focused through a spatial filter and collimated with an achromatic doublet lens. Then, it was coupled with light from the SLD and LD with a custom dichroic mirror (Chroma Technology Corp., Bellows Falls, VT, USA) and diverted into the TPF-AOSLO and eventually the eye. Emitted TPF was collected in a nondescanned manner by diverting all the light exiting the eye in the visible wavelength range (400-665 nm) with a dichroic mirror (FF665-Di02; Semrock, Rochester, NY, USA). This light was collected by a lens and imaged on the surface of the detector (PMT H7422-40; Hamamatsu Corporation) placed at a plane conjugate to the pupil of the eye. Emission was collected between 400 and 550 nm with three filters; two filters with transmission band from 400 to 680 nm (ET680SP-2P8; Chroma Technology Corporation), and an additional filter with a transmission window from 400 to 550 nm (E550sp-2p; Chroma Technology Corporation). 3. In addition to serving as the two-photon excitation light source, backscattered light from the Mai Tai XF-1 laser at 730 nm was descanned through the system and collected through a confocal pinhole (2.2 airy-discs in diameter) with a photomultiplier tube (PMT H7422-50; Hamamatsu Corporation) to generate reflectance images of the retina.
Output photocurrents from reflectance and fluorescence channel PMTs were converted to voltage and amplified by transimpendance amplifiers (HCA-10M-100K; FEMTO Messtechnik GmbH, Berlin, Germany) and custom-built inverting amplifiers. These signals were digitized through an analog to digital convertor built into a FPGA card (Xilinx, Inc., San Jose, CA, USA). All images reported herein were collected with 7.5 mm diameter beam incident at the pupil of the eye. Compared to commercially available two-photon microscopes, resolution of this two-photon ophthalmoscope was limited by the numerical aperture of the monkey eye and the theoretically estimated axial resolution was >30 lm for 730 nm. 39 A stimulus delivery subsystem was incorporated into the TPF-AOSLO to deliver stimuli in Maxwellian view (full field, nonscanning) using electronically controllable flip mirror mounts (shown in Fig. 1 ) to bleach a circular retinal area of approximately 3.28 in diameter. Light emitting diodes (LEDs) at two different wavelengths were used; at 565 and 420 nm. To divert stimuli into the eye, two flip mirrors were activated simultaneously; a fold mirror on a flip mount (located between the last two mirrors in the TPF-AOSLO) was flipped into position and the dichroic used for emission collection (located between the last mirror and the eye) was flipped out of position. In this arrangement, the retina could never be exposed simultaneously to the Ti:Sapphire laser and light from the LEDs, and consequently TPF emission could not be recorded during full-field stimulation.
Imaging Conditions
Bleaching by the Imaging Beam. Even though 730 nm light used for TPF excitation is outside the conventionally accepted visible spectrum, it can stimulate vision. 40, 41 To study the effects of stimulation from the imaging light alone, subjects initially were dark adapted for 30 to 35 minutes. At the end of the dark adaptation interval, the imaging beam was diverted into the eye. Photoreceptor autofluorescence was tracked for over 2 minutes while the retina adapted to stimulation from the imaging light (depicted in Fig. 2a ). At 730 nm, relative to the peaks of their normalized spectral sensitivities, rods are almost 1 log unit less sensitive than M cones, and almost 2 log units less sensitive than L cones. 42 , 43 While we do not have adequate knowledge of the two-photon action spectrum for photoisomerization of photopigments, at this wavelength, the likelihood of stimulation by two-photon absorption is lower than singlephoton absorption. 41 To minimize the disparity in the photon catch rates (and consequently the rate of bleach) between different photoreceptor types, adaptation of rods to light was studied at higher incident power (7 mW at the pupil), while light adaptation in cones was studied at lower light levels (750 lW at the pupil) as well as at high light levels (7 mW at the pupil). Photopigment density was calculated for the steady state illumination condition using the formalism described by Mahroo and Lamb. 44 Recovery to Dark-Adapted Levels. In rhodopsin densitometry, the retina first is subjected to visual stimulation and subsequently, photopigment density is measured during regeneration in the dark. 15, 45 Comparison of time course of TPF with photopigment regeneration kinetics would be instructive but direct measurements of photoreceptor autofluorescence during dark adaptation are complicated because the imaging beam at 730 nm stimulates the retina. To overcome this unwanted stimulation, the following experimental protocol was used (as depicted in Fig. 2b ):
1. Multiple full-field bleaching exposures were delivered to the retina at 565 nm for 3 to 5 seconds. The approximate fractions of photopigments bleached due to visible stimuli were estimated using pigment depletion kinetics for short bleaches 46 and spectral sensitivity data from Baylor 42, 43 and are listed in Table 1 2. After each such exposure, the retina was allowed to recover for variable periods in the dark (Dt dark ) ranging from 0 to 30 minutes, selected in a random order. 3. After each such recovery period, TPF was recorded; to investigate light adaptation to the TPF excitation beam, autofluorescence was tracked for 2 minutes after every such dark interval.
To facilitate interpretation of in vivo TPF data, pigment regeneration recovery curves during dark adaptation were calculated using the model developed by Mahroo, Lamb, and Pugh, 13, 44 hereafter referred to as the MLP model.
where P(t) is the quantity of photopigment at time t, K m is the Michaelis constant, W(x) is the Lambert W function, B is the initial fraction of bleached pigment, and
where s is the regeneration time constant and v is related to the initial rate of rhodopsin regeneration. The parameters v and K m used in this model were measured previously by retinal densitometry in two of the three animals used in this study and estimated by curve fitting to be 0.067 minutes À1 and 0.2.
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Adaptation to Spectrally Dissimilar Stimuli. To investigate the dependence of TPF on the spectra of bleaching light, fluorescence was recorded after bleaching the same cells at two different wavelengths, in addition to the stimulation from the imaging light. The retina initially was exposed to light at 420 nm (>90% of all cone pigments bleached 43 ) and fluorescence was recorded immediately after bleach. After 15 minutes in the dark, the same location in the retina was stimulated at 565 nm (>90% M and L cone pigments bleached; <25% S cone pigments bleached 43 ) and fluorescence was captured right after the bleach (depicted in Fig. 2c ).
Image Analysis and Processing
Based on the imaging protocols described above, light and dark adaptation curves were measured from TPF videos. These videos were captured at frame rates of 20 or 22.5 Hz through custom software at a pixel clock rate of 35 MHz. Frame size was 512 lines along the direction of the slow scanner, which FIGURE 2. Two-photon imaging protocol used for studying adaptation of the retina to differing conditions of light exposure and darkness. (a) Paradigm used for studying adaptation responses to imaging beam. Retinas were initially dark-adapted for >30 minutes and then exposed to incident light. (b) Imaging conditions used for measuring dark adaptation responses over several imaging trials. Retinas were repeatedly bleached using a full-field stimulus and TPF was recorded after waiting for variable periods of time in the dark as shown. (c) Imaging protocol used for revealing S cone mosaic. had a linear motion range, and anywhere from 656 to 728 pixels along the direction of the fast scanner, which had a sinusoidal motion range. Videos were acquired by multiple channels simultaneously. Light and dark adaptation responses were extracted from raw data collected in this manner through a series of steps.
1. Sinusoidal motion of the resonant scanner was corrected during postprocessing by measurement and application of a transformation matrix to equalize the size of all pixels across the field. Residual motion artifacts in the videos were corrected with customized software by measuring interframe motion across all frames within high contrast reflectance videos with respect to a userspecified reference frame. These values then were used appropriately to displace all other frames in the reflectance video and subsequently the same corrections were applied to corresponding fluorescence videos that were acquired simultaneously to generate desinusoided and registered videos that were used for all analyses. 47 
Registered images of photoreceptors acquired in confo-
cal reflectance mode were used to manually mark the X-Y coordinate locations of the center of all cone photoreceptors visible within the field of view. Shifts between the reflectance and fluorescence images, if any, were determined through normalized full-frame crosscorrelations to calculate the coordinate locations for the corresponding cones in fluorescence images. 3. A custom MATLAB script was used to create circular masks centered at each cone in an image to selectively extract fluorescence only from the central portion of cone photoreceptors. The mask size was chosen to be smaller than the size of the cones by visual inspection. An inverted version of the mask used for cones was applied to the same videos to extract fluorescence kinetics from rods. These inverted masks were created to eliminate fluorescence from cones, and were larger than the cones in the image. Areas within the imaging field that might include blood vessel shadows or unmarked cones were manually masked out. These masks were applied to each frame in the desinusoided, registered videos to track fluorescence from cones and rods separately. By plotting the fluorescence intensity versus time during image acquisition, the adaptation to stimulation from imaging beam was quantified. 4. To generate the dark adaptation curves, the intercept at time t ¼ 0 seconds, was estimated by linear curve fitting of the first 5 seconds of raw data to characterize the initial TPF responses from photoreceptors as a function of time in the dark after a bleach. Additionally, an exponential fit to the raw data was used to estimate the plateau value for the time course of TPF. The reasons for curve fitting the same data with a straight line and an exponential fit are as follows. Absolute fluorescence signals can be affected over time by external factors, such as contact lens dehydration or ocular pupil decentration. During experiments, videos were recorded from the same retinal location across several hours, and to nullify the impact of these external factors, the plateau value extracted from exponential fit to the data was used to normalize initial TPF values extracted from the straight line fit.
TPFðDt dark Þ ¼ Initial TPF from straight line fit Plateau value from exponential fit
The rationale for normalizing to the plateau value is based on the MLP model for pigment kinetics during steady state illumination. 44 According to this model, regardless of the pigment fraction available at t ¼ 0, pigment regeneration and bleaching eventually are expected to reach an equilibrium value. Thus, the equilibrium value could be used to normalize out any absolute differences in image quality between different videos for the same data set from the same retinal location. Time constants for these normalized dark adaptation data were extracted by curve fitting to the exponential function, f(x) ¼ a 3 exp(Àbx) þ c using MATLAB. Exponential fits were chosen for their simplicity.
RESULTS

Two-Photon Autofluorescence From Photoreceptors
Two-photon fluorescence from a well-defined mosaic of cells was visualized in the outer retina. At various eccentricities, the sizes, densities, and distribution of these cells resembled the corresponding features of rod and cone photoreceptor cells imaged in the reflectance mode. An image of the light backscattered from photoreceptor mosaic in the peripheral retina recorded in confocal modality (also referred to as reflectance image) is shown in Figure 3a and the corresponding two-photon image from the same location is shown in Figure 3b . All cones in the reflectance image can be seen in the two-photon image. Additionally, many single rods were visible in the reflectance as well as two-photon image, although all rods are not visibly distinguishable. Similar to the modal pattern exiting a waveguide dominated by the lowest order mode, 48 dark halos were visible in the reflectance images. Dark halos around individual cells also were visible in the TPF images from the same set of cone photoreceptors. Images also were recorded at a location in the parafoveal retina and individual cone photoreceptors were visible in the reflectance (Fig. 3c) as well as fluorescence image (Fig. 3d) . Low spatial variations in image intensity are likely related to the retinal vasculature or choroid and are observed routinely in adaptive optics imaging.
TPF During Exposure to the Imaging Beam Alone
As described in the Methods section, after allowing the retina to dark adapt for 35 minutes, TPF was recorded from cones and rods over time. With the onset of light, the magnitude of autofluorescence from photoreceptors increased monotonically with time and then plateaued, as shown in Figure 4a for rods and Figure 4b for cones.
When cones were imaged with high light intensity (7 mW), fluorescence increased rapidly. After this initial increase, fluorescence usually peaked between 5 and 20 seconds and then gradually declined and then plateaued. Compared to expected rate of photopigment bleaching, the fluorescence rise was slower, as shown in Figure 4c .
Time Course of TPF at Different Stages of Dark Adaptation
Time courses of TPF from the same retinal location, for six variable periods of time in the dark (or dark-intervals, Dt dark ) following visible stimulation are shown in Figures 5a and 5b ; TPF for the Dt dark ¼ 0 minute time point (imaged immediately after bleach) decreased monotonically and eventually plateaued. In contrast, the TPF profile recorded at Dt dark ¼ 30 minutes time point (or 30 minutes in the dark after bleach before recording TPF) increased gradually and plateaued. Intermediate time points between these two extreme cases gave rise to the family of curves shown in Figures 5a and 5b . Peak fluorescence responses occurred either at the beginning of the recorded video or at the end, thus highlighting the monotonic nature of their kinetics under our imaging conditions.
For rods, Dt dark less than 2 minutes (0-2 minutes after bleach or 0%-20% of the initially available photopigment), TPF decreased with time and plateaued, whereas for Dt dark greater Raw data were fit to exponential functions f(x) ¼ a*exp(Àbx) þ c. This table lists the retinal eccentricities with respect to the center of the foveal avascular zone at which experiments were conducted, light levels used for full-field bleach at 565 nm, and the calculated fraction of bleached pigment under scotopic and photopic regimens, along with the light levels used for two-photon excitation at the eye's pupil (over 7.5 mm diameter). Two major results from the curve fit, namely the time constants and the goodness of fit, are also listed. S, superior; I, inferior; T, temporal; N, nasal. than 5 minutes (>5 minutes after bleach or 45%-100% of the initially available photopigment), fluorescence increased from lower values and then plateaued (Fig. 5a ). This suggests that the inflection point for the concavity of these profiles occurred between 2 and 5 minutes for light levels used for our imaging, although the temporal sampling was insufficient to capture this detail.
For cones, with Dt dark less than or equal to 10 seconds (0-10 seconds after bleach or 0%-8% IAP), TPF decreased with time, whereas for Dt dark greater than 30 seconds (>30 seconds after bleach or 24%-100% IAP), fluorescence increased from lower values. The inflection point for the concavity of cone TPF profiles occurred between 10 and 30 seconds for these light levels (Fig. 5b) .
Initial TPF signal levels decreased with the duration of dark intervals after bleaching. Normalized curves for the initial TPF are shown in Figures 5c and 5d for rods and cones, respectively, along with exponential fits to these data. For comparison, time courses of decreasing fluorescence in the dark in rods and cones have been plotted along with the expected regeneration kinetics of their respective photopigment (shown in green in Figs. 5c, 5d ). Fluorescence from rods and cones decreased approximately 3 to 4 times faster than the expected regeneration rate of their photopigment. Moreover, the rate of decreasing fluorescence from cones was approximately 4 times faster than the rate of decline in rod fluorescence. This ratio is similar to the ratio of the rates of pigment regeneration in the dark reported previously for cones and rods. 15, 45 
Adaptation to Spectrally Dissimilar Stimuli Reveals Visually Distinct Subsets of Cells
The distribution of two-photon autofluorescence from a mosaic of cells was not homogeneous. In some cases after a short period of photopic exposure, a sparsely distributed subset of cells that was dimmer than the rest of the mosaic could be distinguished. An example of this phenomenon was produced with the imaging protocol described in the section Adaptation to Spectrally Dissimilar Stimuli above, and is shown in Figures 6a and 6b . The TPF image shown in Figure 6a was are the exponential fits to the data. Inverse plots of photopigment density during regeneration in the dark after bleach, are shown for rods in (c) and for cones in (d). These were calculated using the MLP model 44 using parameters described in text.
collected immediately after a full-field bleach at 420 nm. The image shown in Figure 6b was collected at the same location as Figure 6a after stimulation with 565 nm light and a subset of cones were relatively dimmer than the majority of cells. These dim cells comprised 8% of the total population of cells in this sample and their density was 2200 cells/mm 2 . These numbers are similar to the expected fraction and density of S cones at this retinal eccentricity (see Table 2 ), suggesting that the sparse mosaic of cells seen in Figure 6b are S cones.
DISCUSSION
We developed a custom in vivo two-photon ophthalmoscope for retinal imaging in primates (Fig. 1 ) that allows the separation of functional responses from rod and cone photoreceptors. Supplementing previous studies using rodents, [28] [29] [30] [31] this contribution is of interest because time-variable autofluorescence could be a functional marker for monitoring physiological activity at a cellular scale with potential diagnostic applications in humans. The use of this modality is limited by the sensitivity and specificity of its detection. Although sensitivity is a concern, the focus of the current investigation was to examine the specificity of two-photon imaging as a functional imaging tool because the identity of the dominant fluorophore(s) contributing to this time-variable fluorescence in the outer retina is uncertain. Ex vivo spectroscopy of sources of fluorescence in photoreceptors has confirmed the presence of all-trans-retinol in the outer segments, and metabolites, such as NAD(P)H, in the inner segments, 20, 21, 29, 30, 49 but other candidate molecules also could be responsible, such as all-trans-retinal, FAD, 49 retinyl esters, lipofuscin precursors, [28] [29] [30] 50 and perhaps others. Despite the variety of candidate fluorophores, some of them can be ruled out easily. In the outer retina, fluorescence from photoreceptors (Fig. 3) was greater than any autofluorescence from RPE cells at deeper focal planes (data not shown) and the RPE mosaic could not be visualized. This suggests that retinyl esters and lipofuscin cannot be the dominant source of time-variable autofluorescence shown in Figures 4 and 5 .
Autofluorescence from pyridine dinucleotides, such as NADH, NADPH, and flavoproteins, such as FAD have been used to track neuronal metabolism. 51, 52 In brain slices, synaptic activation leads to an initial decrease (1%-4%) in fluorescence from NADH followed by an increase (<10%) and eventually equilibrium is achieved. [53] [54] [55] Fluorescence of FAD is expected to be inverted relative to NAD(P)H. 51, 56, 57 However, we have found that the fractional increase in autofluorescence recorded from photoreceptors during light adaptation (Fig. 4) was considerably larger than the fractional changes measured in brain slices. 53, 55 This suggests that these metabolites are not likely to be the dominant source of time-variable fluorescence from photoreceptors although they might contribute to baseline fluorescence.
Comparisons with photopigment kinetics suggest that retinoids are likely to be the dominant source of time-variable fluorescence in the retina. All-trans-retinol and not all-transretinal, is the most likely candidate within photoreceptors because of their relative two-photon excitation efficiencies at 730 nm excitation. 58, 59 The following observations serve to support this claim.
Fluorescence Increased With Photopigment Bleaching
Ex vivo studies done with isolated frog photoreceptors, 20 mouse, 28 and primate retinas 32, 50 have demonstrated an increase in the relative magnitude of TPF signals from photoreceptors upon exposure to stimulus. Consistent with these studies, we also have observed an increase in fluorescence from photoreceptors with the onset of stimulation from imaging beam after a sufficiently long period of dark adaptation, as shown in Figure 4 . This is likely due to stimulation from the light source used for TPF excitation and agrees with the expectation that all-trans-retinol should be produced when photopigments are bleached, thereby increasing fluorescence.
The Rate of Increased Fluorescence Was Slower Than the Expected Rate of Photopigment Bleaching
Upon absorption of a photon by photopigments, intermediate metapigments are generated and all-trans-retinal is released from opsin, which then is reduced to all-trans-retinol. 5 Studies in isolated salamander cone photoreceptors have shown previously that under strong bleaching conditions (>90% bleach), fluorescence from retinol initially increases, peaks, and then declines. 24 Reportedly, this is because the rate of production of all-trans-retinol is greater than the rate of removal under these conditions. 22, 23, 60 As shown in Figure 4c , in the extreme case when cone photopigments were bleached instantly by the imaging beam, TPF peaked after a lag of approximately 5 to 20 seconds and the time profile of fluorescence was nonmonotonic. This is inconsistent with predictions from pigment bleaching calculations and suggests that rate of production of all-trans-retinol might be faster than the rate of clearance after an intense bleach. We observed a decrease in fluorescence during dark adaptation in rods and cones as shown in Figures 5c and 5d , and measured the rate of decline (Table 1) . We found that fluorescence from rods and cones decreased approximately 4 times faster than the expected rate of pigment regeneration. 13 This observation is consistent with the retinoid hypothesis because if the fluorescent molecules involved are intermediate components of the retinoid cycle, then they should be cleared before the entire cycle can regenerate pigment. We also observed that cone pigment recovery was approximately four times faster than rod pigment recovery, consistent with photopigment densitometry. 15, 45 These observations rule out the possible role of optical screening from photopigments or melanin as the cause of time-varying autofluorescence.
Fluorescence Profiles During Steady State Illumination Were Similar to Expected Photopigment Density Curves
The MLP model has been used to describe photopigment kinetics during steady state illumination 44 wherein the concavity of the pigment density response curve as a function of time depends on the initial pigment density and the amount of light stimulation. As expected, fluorescence changes related to all-trans-retinol production were inversely related to photopigment density (Figs. 5a, 5b ). For the extreme case when the retina was exposed to strong light, the intensity of fluorescence was initially high. With pigments depleted, the molecules created as a result of stimulation would be cleared away as a part of the visual cycle, resulting in a decline in fluorescence as observed. Two-photon fluorescence eventually plateaued, possibly due to equilibrium between the continuous production and removal of alltrans-retinol. For the other extreme case, the retina was allowed to dark adapt after photo-bleaching for 30 minutes before recording and the opposite trend was observed. With the onset of imaging light, stimulation caused by the beam induced photoactivation, resulting in the production of fluorescent molecules. Moreover, continued pigment depletion due to stimulation from the imaging light was balanced by the regeneration process and, consequently, fluorescence stabilized and plateaued. All intermediate responses shown in Figures 5a and 5b can be explained by the steady state stimulation scenario described by the MLP model because different periods of recovery in the dark correspond to a variety of initial photopigment states. This affected the concavity of TPF curves under steady state stimulation, an interpretation consistent with the proposed hypothesis that all-trans-retinol is likely to be the dominant fluorophore under these experimental conditions.
Photoreceptors Minimally Stimulated by Infrared Light Appeared Dimmer
Using two-photon imaging, we observed sparse mosaics of dimmer cones in the primate retina. The density and distribution of these cones were similar to the known density and distribution of S cones in the primate retina at measured eccentricities ( Table 2 ). The appearance of this dim mosaic of cones in the living eye under two-photon excitation (Fig. 6b) can be explained based on the spectral sensitivity differences between S and L/M cones. This is an extension of the idea that evoked fluorescence is related directly to photo-stimulation with subsequent production of retinoids that allows detection of S cones based on their spectral sensitivity.
The above observations support the claim that all-transretinol is the dominant source of time-variable fluorescence, with possibly some minor contributions from other metabolites. In the future, two-photon imaging could be used potentially to image the retinas of patients with visual cycle and metabolic defects. However, before that can be done, rigorous light safety studies must be conducted. Light levels used for imaging in Figure 4a were at least a factor of 9 above the safety limits prescribed by the American National Standards Institute, 61 but within the safety limits for data shown in Figure 4b and much lower than the light levels that can be expected to cause photobleaching of all-transretinol. 62 The retinal locations appeared slightly different after imaging for a few minutes but normal two-photon temporal responses could always be elicited from same retinal locations even week(s) later. However, we do acknowledge that any functional response reported here could be due to unknown damaging mechanisms from the severity of the light levels used. With further advances in technology, this imaging potentially can be done at lower and safer light levels. Infrared pulsed light sources also could impact the retina in other ways since exposure to pulsed light sources can heat up tissue due to absorption of energy by molecules, such as melanin, which are present in the eye as well as the skin. 63 This could cause a rise in temperature, distort the native physiology of the retina, and consequently affect measurement of the natural kinetics of the retinoid cycle. Factors, such as anesthesia and photoreversal, also could affect retinal imaging but their effects were not addressed in this study.
In summary, we have characterized the fluorescence responses emanating from individual photoreceptor cells in the primate retina and observed differences in the responses from rods and cones. Two-photon excitation also allows classification of S cones, which appear dimmer than other cones in the retinal mosaic. All-trans-retinol is the most likely candidate contributing to time-variable fluorescence, although nonnegligible contributions from metabolites, such as NAD(P)H and FAD, to time-variable fluorescence cannot be completely ruled out. Careful spectroscopic studies or pharmaceutical approaches for perturbing the Krebs cycle or the visual cycle in the living eye are needed to completely discern the contribution from all these molecules. With future improvements in imaging methodology, adaptive optics assisted in vivo two-photon imaging could be used for clinical diagnosis, vision evaluation, and functional testing in single cells of the living eye, thereby enabling early stratification of patients for more individualized and effective treatment.
